ABSTRACT: Human central nervous system myelin development extends well into the fourth decade of life, and this protracted period underscores the potential for experience to modulate myelination. The concept of myelin plasticity implies adaptability in myelin structure and function in response to experiences during development and beyond. Mounting evidence supports this concept of neuronal activity-regulated changes in myelinforming cells, including oligodendrocyte precursor cell proliferation, oligodendrogenesis and modulation of myelin microstructure. In healthy individuals, myelin plasticity in associative white matter structures of the brain is implicated in learning and motor function in both rodents and humans. Activity-dependent changes in myelin-forming cells may influence the function of neural networks that depend on the convergence of numerous neural signals on both a temporal and spatial scale. However, dysregulation of myelin plasticity can disadvantageously alter myelin microstructure and result in aberrant circuit function or contribute to pathological cell proliferation. Emerging roles for myelin plasticity in normal neurological function and in disease are discussed.
INTRODUCTION
The importance of myelin physiology to neurological function has long been appreciated. For much of the relatively young history of neuroscience, the focus on myelination and myelin-forming cells has centered on development and regeneration of white matter tracts. The protracted nature of human myelin development, with myelination of the prefrontal cortex extending into the fourth decade of life (Yakovlev, 1967; Lebel et al., 2012) highlights the complex regulation of human myelination and the potential for maldevelopment to contribute to disease.
Oligodendrocytes, the myelin-producing cells of the central nervous system (CNS), wrap concentric sheaths of myelin around axons to facilitate saltatory neurotransmission. As well, oligodendrocytes provide important trophic support to the axon (Chrast et al., 2011; Funfschilling et al., 2012; Hirrlinger and Nave, 2014) . Oligodendrocyte precursor cells (OPCs) maintain a dynamic ability to respond and alter their physiological state to match the needs of the developing brain. But how does this robust population of persistent precursor cells act after the developmental need for myelin generation is met? And what role, if any, does de novo myelination or myelin remodeling play in neurological function and dysfunction in adulthood? The regulation of OPC proliferation, differentiation and myelin remodeling outside of the developmental window has now come into sharp focus. One of the crucial modulators of myelin-producing cells throughout a lifetime may be the very cell that oligodendrocyte lineage cells are meant to support: the neuron (Figure 1 ).
Myelin remodeling continues throughout life and can be influenced by experience. Adult-born oligodendrocytes in the CNS of rodents contribute to already highly myelinated structures such as the optic nerve (Young et al., 2013) , as well as white matter fibers associated with the acquisition of new, complex behaviors (McKenzie et al., 2014; Schneider et al., 2016) . The new oligodendrocytes that contribute to de novo skill learning in adulthood do so in rapid fashion, with the onset of oligodendrogenesis occurring within hours of the experience (Xiao et al., 2016) . Blocking adult oligodendrogenesis has also been shown to affect nodes of Ranvier and associated paranodal architecture and motor function within mice (Schneider et al., 2016) . Like rodents, ongoing myelin changes occur throughout adulthood in nonhuman primates (Peters, 2002; Peters et al., 2008; Bowley et al., 2010) . In humans the extent to which these myelin changes are mediated by new or existing oligodendrocytes remains an open question (Yeung et al., 2014) . Regardless of the source of new myelin, these studies highlight that ongoing myelin remodeling occurs throughout adulthood and may function to sustain or alter the function of neural circuits as regulated by the activity of that circuit.
The concept of experience-dependent myelin remodeling during both postnatal development and adulthood has been explored in several vertebrate systems. Provocative studies indicate that acquisition of new, complex behaviors such as skilled reaching in rats (Sampaio-Baptista et al., 2013) or piano playing (Bengtsson et al., 2005) and juggling (Scholz et al., 2009) in humans, are associated with enhancement of white matter microstructure in neural circuits related to the attained skill. Conversely, experiential deprivation such as social isolation results in changes to prefrontal cortex myelin in young and adult rodents (Liu et al., 2012a; Makinodan et al., 2012) and to corpus callosum volume in nonhuman primates (Sanchez et al., 1998) . Together, these intriguing studies suggest the ability of circuit activity to alter white matter parameters in healthy subjects.
But how are experiences translated into dynamic myelin changes? One potential mediator of experience-dependent myelin remodeling, referred to as adaptive myelination when the myelin change positively influences neurological function, is neuronal activity itself [for reviews on adaptive myelination see (Bergles and Richardson, 2015; Fields, 2015; Baraban et al., 2016; Purger et al., 2016; Mount and Monje, 2017) ]. The role of neurons in altering oligodendrocyte lineage cell dynamics was first described in models of decreased neuronal activity that found reduced OPC proliferation in response to blockade of action potential propagation (Barres and Raff, 1993) . Subsequently, others demonstrated electrical impulses in vitro can affect myelination both directly Figure 1 Myelin plasticity in health and disease. In the healthy brain, neuronal activity can influence OPC proliferation, differentiation, and myelination to facilitate adaptive myelin changes in active circuits. However, in diseases such as high-grade glioma, these mechanisms of plasticity may be hijacked to promote cancer progression, becoming maladaptive. In disease of white matter degeneration, the mechanisms of adaptive myelination may be compromised resulting in persistent demyelination or may be able to be harnessed to regenerate lost myelin. (Demerens et al., 1996; Wake et al., 2011) and indirectly via astrocyte-derived growth factor secretion (Ishibashi et al., 2006) . In vivo models suggest that not only does increased neuronal activity mediated by optogenetic stimulation of the premotor circuit in mice enhance OPC proliferation, differentiation, and myelin thickness within the activated circuit (Gibson et al., 2014) , but in zebrafish models vesicular glutamate release also increases the number of myelin sheaths produced by an individual oligodendrocyte and influences the selection of axons to undergo myelination (Hines et al., 2015; Mensch et al., 2015) .
Neural network function depends on the convergence of multiple neural signals on a temporal and spatial scale that allows for proper signal integration and propagation within the circuit. Myelin variations can enable precise synchronization of action potentials from various excitatory and inhibitory inputs to facilitate proper neurological function, such as has been described for the synchronous integration of spatially disparate signals from both ears [as reviewed in (Seidl, 2014) ]. Myelin sheath microstructure is thus imperative to this process, as the speed of these converging signals depends on the integrity of the axonal-myelin relationship, the geometric parameters of the myelin sheath such as sheath thickness and internode length, and the relationship between myelinated regions and unmyelinated nodes of Ranvier along a single axon (Tasaki, 1939; Hartline and Colman, 2007) . Any disruption to or dysregulation of myelin plasticity may have a drastic impact on neural network functioning, as myelin alterations can either promote or disrupt the synchrony of signals and thus influence neural coherence. As a result, competing or cooperative neural pathways may become temporally incompatible (Pajevic et al., 2014; de Hoz and Simons, 2015) . Thus, the dysregulation of these robust processes of myelin plasticity could in theory become maladaptive and lead to disease states of the nervous system.
MYELIN PLASTICITY IN DISEASE Cancer
The neuronal regulation of normal oligodendrocyte precursor cell proliferation that is important to the process of myelin plasticity suggests that similar mechanisms could play a role in the aberrant proliferation of brain cancers that molecularly resemble OPCs. High-grade gliomas such as glioblastoma (GBM) and diffuse intrinsic pontine glioma (DIPG), the most lethal forms of brain cancer in adults and in children, respectively, are thought to originate from OPCs or earlier stem cells (Alcantara Llaguno et al., 2011; Liu et al., 2011; Monje and Dietrich, 2011; Galvao et al., 2014; Alcantara Llaguno et al., 2015; Tate et al., 2015; Alcantara Llaguno and Parada, 2016; Nagaraja et al., 2017) . Oligodendroglioma, another important glioma type chiefly affecting adults, is similarly thought to arise from oligodendroglial lineage precursors (Persson et al., 2010; Sugiarto et al., 2011) . Recently, the role of neuronal activity as a mediator of the glioma microenvironment was studied using a patient-derived orthotopic xenograft model. Pediatric cortical glioblastoma cells were xenografted into the deep layers of the premotor cortex of Thy1::ChR2 mice and layer V output neurons of this circuit were then optogenetically stimulated. Elevated neuronal activity of these premotor pyramidal neurons resulted in increased glioma proliferation and growth within the activated circuit. Neuronal-activity regulated secretion of brain derived neurotrophic factor (BDNF) and neuroligin-3 (NLGN3) mediates the proliferative effect of not only pGBM, but also other classes of high-grade gliomas such as DIPG, adult glioblastoma and anaplastic oligodendroglioma. NLGN3 binding to the glioma cell promotes PI3K-mTOR pathway activity as well as a feed-forward stimulation of glioma cell NLGN3 expression, linking the importance of PI3K pathway activity in normal precursor cell progression with aberrant glioma cell proliferation. Accordingly, elevated NLGN3 expression in human GBM is associated with decreased survival (Venkatesh et al., 2015) . While the role of NLGN3 in normal oligodendroglial lineage cells and myelination remains to be fully elucidated, in vitro evidence suggests a role for neuroligin-neurexin binding at the axo-glial synapse (Proctor et al., 2015) , and genetic mouse modeling reveals that OPCs are a major cellular source of activity-regulated NLGN3 secretion (Venkatesh et al., 2017a) . BDNF has well established roles in white matter development and regeneration (discussed in detail below). These data suggest that in the context of glioma, mechanisms of OPC proliferation may be hijacked by the tumor and utilized to enhance glioma growth. In this way, neuronal activity regulates both normal and neoplastic glial cell behavior (Figure 1 ).
The detrimental effect of neuronal-activity induced proliferation of glioma cells may be compounded by the fact that gliomas themselves can increase the excitability of the surrounding neural circuits, in part due to an increase in glutamate secretion by glioma cells (Buckingham et al., 2011; Campbell et al., 2012) . Other populations known to influence neuronal excitability, such as astrocytes, may also contribute to activity-dependent influences on glioma progression and invasion. Recently, subpopulations of astrocytes exhibiting distinct molecular profiles have been identified in both mice and humans (John Lin et al., 2017) . A specific subpopulation of astrocytes promotes synaptogenesis, and the malignant counterpart of synaptogenesis-inducing astrocytoma cells emerges in correlation with the onset of seizures in a mouse model of glioblastoma (John Lin et al., 2017) . These data further support the bidirectionality of influence between neuronal activity and glioma progression (John Lin et al., 2017) . While the reciprocal importance of neural circuit activity and brain tumor progression has been established, the role of neuronal activity in glioma initiation remains enigmatic. A more in-depth discussion of the role of neuronal activity in cancer pathogenesis can be found in (Venkatesh, 2017b) .
What do these mechanisms mediating malignant neuron-glial interactions teach us about molecular mediators of healthy plasticity in the oligodendroglial lineage cell population? Does neuroligin-3 play a role in healthy neuron-OPC interactions? Does BDNF, crucial in myelin development (Xiao et al., 2010; Wong et al., 2013; Wong et al., 2014; Peckham et al., 2016) and remyelination (Vondran et al., 2010; VonDran et al., 2011; Fulmer et al., 2014) , play a role in activity-regulated myelin plasticity? The parallel importance of the PI3K/AKT/mTOR pathway in both normal myelination (Flores et al., 2008; Tyler et al., 2009; Goebbels et al., 2010; Harrington et al., 2010; Guardiola-Diaz et al., 2012; Hu et al., 2013; Bercury et al., 2014; Lebrun-Julien et al., 2014; Goebbels et al., 2017) and in glioma suggests that further mechanistic parallels will come to light.
PSYCHIATRIC DISORDERS Bipolar Disorder
A molecule called neuregulin creates a possible link between the concept of adaptive myelination to bipolar disease. An intriguing study by Lundgaard and colleagues posits that two distinct modes of myelination exist, a theory that may reconcile apparently conflicting evidence in the field related to the role of glutamatergic signaling in myelination (Lundgaard et al., 2013) . One mode is independent of neuronal activity, such as can occur on innert nanofibers (Lee et al., 2012; Lee et al., 2013) , and the second is an activity-dependent mode that requires glutamate release and NMDA activation. Once oligodendrocyte lineage cells are exposed to neuregulin (NRG), an EGF-like signaling molecule, a switch from the passive default state of myelination to an activityresponsive state occurs, with a rapid increase in NMDA receptor response and increased myelination in vitro (Lundgaard et al., 2013) . While NRG is a critical regulator of PNS myelination and Schwann cell development, the myelin forming cells of the PNS (Michailov et al., 2004; Taveggia et al., 2005; Chen et al., 2006; Brinkmann et al., 2008; Stassart et al., 2013; Torii et al., 2014) , its role in CNS myelination is less clear. Mice in which Nrg1 is conditionally inactivated at various developmental time points exhibit no differences in CNS myelination, though over-expression of NRG1 increases myelin density in the cortex (Brinkmann et al., 2008) . Regional differences exist in mice haploinsufficient for NRG1-III: myelin sheaths and overall myelin proteins are decreased in the brain, however, the optic nerve and spinal cord are fully myelinated (Taveggia et al., 2008) . Conditionally ablating ErbB3, the receptor for NRG, in PLP 1 oligodendrocytes during a critical period of development in prefrontal cortex myelination results in reduced myelin gene expression and thinner myelin sheaths, mimicking the phenotype seen in socially isolated animals (Makinodan et al., 2012) . This idea that the role of NRG in myelination may potentially exhibit temporal and spatial specificity fits well into the concept proposed by Lundgaard et al. in which NRG acts as a switch between activity-independent and activity-dependent myelination (Lundgaard et al., 2013) .
Interestingly, numerous groups have identified changes in NRG-ErbB signaling in people with bipolar disease. Many NRG1 polymorphisms are associated with increased risk of bipolar disease; the 5 0 risk-associated genetic variants of NRG1 are correlated with decreased white matter density and integrity of the prefrontal cortex (McIntosh et al., 2009; Mechelli et al., 2009) . Using qPCR and microarray analyses of gene expression, Tkachev et al. found altered expression of Olig2, a pan-oligodendroglial marker, and ErbB3 in subjects with bipolar disease (Tkachev et al., 2003) . Altered ErbB signaling could change NMDA expression in oligodendrocytes (Karadottir et al., 2005) . Thus, changes to activitydependent myelination mediated by NRG signaling could prove important to the pathophysiology associated with psychiatric disorders such as bipolar disorder.
Asynchrony between neural signals, potentially due to either insufficient or exuberant myelination, may underlie the circuit dysfunction seen in many psychiatric disorders. However, discerning the relative contributions of aberrant myelination and axon integrity are an ongoing challenge to the study of neuropsychiatric diseases in which aberrant white matter has been implicated. This concept is further complicated by the reciprocal interaction between neuronal activity and myelination. For example, determining if myelin alterations are causative to or a consequence of neuronal activity remains enigmatic. This is especially true in relation to bipolor disorder in which altered neuronal activity may cause the changes in myelin content associated with this disease or may be a consequence of pre-existing aberrant myelination. Advanced neuroimaging techniques such as diffusion tensor imaging (DTI) demonstrate white matter abnormalities in people with psychiatric disease (White et al., 2008) . However, it is not possible to discern the relative contribution of disordered myelin versus disordered axonal integrity using DTI. Using magnetization transfer ratio (MTR) in concert with diffusion tensor spectroscopy (DTS) one can begin to separate the contributions of myelin and axon integrity, respectively, to white matter structure. In adult patients with bipolar disorder, MTR, the proxy measure for myelin, was decreased while no change in n-acetylaspartate (NAA) diffusion in axons as detected with DTS was found, implicating myelin dysregulation irrespective of changes to axonal structure in bipolar disorder (Lewandowski et al., 2015) . Similarly, white matter abnormalities and frontotemporal dysfunction are seen in adolescent subjects with or at risk for bipolar disorder based on genetic predispositions (de Zwarte et al., 2014) . Further underscoring the role for myelin anomalies in bipolar disorder, increases in the total volume of white matter hyperintensities as measured by T2 weighted MRI are seen in patients with bipolar disorder compared to healthy controls and are correlated with familiality of the disease (Tighe et al., 2012) . These prominent changes in white matter raise the question of potential alterations to neuron-oligodendroglial cell interactions in bipolar disorder. It is possible that abnormal activityregulated myelination, "maladaptive myelination," could contribute to bipolar disorder pathology, although whether alterations to neuronal circuit dynamics precede or are a consequence of maladaptive myelination remains to be determined. For a comprehensive review of the putative role for myelin plasticity in bipolar disorder see (Bellani et al., 2016) . More research focusing on the hypothesized role of myelin plasticity in the onset and progression of bipolar disorder, especially related to neuronal activity-mediated NRG signaling, are imperative to understanding the origins and pathophysiology of this affective disorder.
Schizophrenia
While patients with bipolar disorder exhibit changes in myelin but not axonal geometry (Lewandowski et al., 2015) , aberrations in both parameters are evident in patients with schizophrenia (Du and Ongur, 2013) . Changes not only in myelin but also axon structure may contribute to altered circuit dynamics and thus lead to the more severe cognitive dysfunction associated with schizophrenia. Like bipolar disorder, numerous studies of subjects with schizophrenia have demonstrated multiple alterations (single nucleotide polymorphisms, SNPs) in genes associated with myelin pathways, including neuregulin 1 (NRG1) and myelin oligodendrocyte glycoprotein (MOG) as well as white matter abnormalities in neural circuit underpinnings of emotional function (i.e., limbic structures including the cingulum, fornix, parahippocampal gyrus) (Cannon et al., 2012; Yu et al., 2014) . Association studies using SNPs, though, do not necessarily translate to functional molecular effects and this data is often too complicated to interpret fully. Pathway analysis, however, can help clarify how networks of these single genes combine to elicit molecular and cellular effects. A study investigating the role of glial cells in schizophrenia used the largest schizophrenia genomewide association study (GWAS) to date and found that roughly 25% of the genes were oligodendrocyte-associated genes. After filtering out neuronal genes, overlapping glial genes and assessing functional gene sets using gene ontology (GO), the study found highly significant associations for groups of oligodendrocyte genes to risk of schizophrenia (Goudriaan et al., 2014) . In particular, gene sets of oligodendrocyte lipid metabolism, including genes critical in myelin sheath development, and gene transcription of oligodendrocytes were found highly associated with schizophrenia risk (Goudriaan et al., 2014) . Other candidate genes involved in schizophrenia include ST8SIA2, which has a role in polysialylation. ST8SIA2 knock out mouse models exhibit delayed myelination and decreased myelin content, including thinner sheaths, irregularly shaped axons, and increased white matter lesions in adulthood. ST8SIA2 knockout mice also exhibit increases in the number of immature oligodendrocytes in the cortex and the corpus callosum that may imply a blockade of OPC differentiation to myelinating oligodendrocytes (Szewczyk et al., 2017) .
Despite the complexity and variability associated with gene polymorphisms in schizophrenia, altered white matter integrity have been consistently identified in DTI analyses of schizophrenic subjects. White matter abnormalities are diffuse in subjects with schizophrenia, with globally decreased levels of fractional anisotropy (FA) and increased radial diffusivity (RD) (Chavarria-Siles et al., 2016; Reid et al., 2016) , proxy measures for myelin integrity. Deficits are evident diffusely in frontomedial white matter tracts (Drakesmith et al., 2016) , orbitofrontal cortex, posterior parietal cortex (Green et al., 2016) , arcuate fasciculus, cingulum bundle, and inferior longitudinal fasciculus (Oestreich et al., 2016; Seitz et al., 2016) . The apparently more global disruptions to white matter in schizophrenia compared to other neuropsychiatric disorders are consistent with the more severe and complex nature of dysfunction in schizophrenia. Mouse models of schizophrenia, including the conditional knockout of nicastrin, a subunit of c-secretase, and NMDAR antagonist MK-801 models, both exhibit myelin deficits ranging from hypomyelination to increased sheath splitting and segmental demyelination (Xiu et al., 2015; Dries et al., 2016) . Do these myelin abnormalities reflect an inappropriate response to neuronal activity, or is inappropriate neuronal activity reflected in the myelin abnormalities? While no animal model fully recapitulates the behavioral phenotype of schizophrenia, use of these models to better understand the progression of white matter abnormalities, especially related to the response of oligodendroglial cells to active neurons is imperative to discern the underlying mechanisms driving white matter contributions to atypical circuit structure and function in schizophrenia.
MULTIPLE SCLEROSIS
The importance of neuron-OPC signaling in myelin development and plasticity suggests that this interaction may be important for regeneration as well, including in demyelinating diseases such as multiple sclerosis (MS). Recently, using a model of ethidium bromide demyelination in the cerebellum, K arad ottir and colleagues found that inhibiting neuronal activity within the demyelinated lesion, specifically via blockade of AMPA receptors or axonal vesicular release, decreases remyelination with a concomitant increase in OPC density, suggesting a blockade of differentiation into re-myelinating oligodendrocytes in the absence of neuronal activity. OPCs in the lesioned area receive de novo synapses from demyelinated axons and respond to neuronal activity with increased differentiation via AMPA/kainate receptor signaling. When neuronal activity is blocked with the voltage-gated sodium channel blocker TTX, OPCs remained in their proliferative state (Gautier et al., 2015) . While pharmacological blockade of activity is not without caveats, these data implicate the role of neuronal activity, specifically glutamatergic signaling, in remyelination processes. The potential for dysregulated interactions between precursor cells and neurons within MS lesions may underlie the inability to fully remyelinate lesions. Future studies utilizing specific means to modulate neuronal activity, such as optogenetic or chemogenetic approaches, may further discern the role of activity-regulated responses of OPC lineage cells in remyelination (Figure 1) .
The functional role of neuron to OPC synapses (Bergles et al., 2000) remains enigmatic (Etxeberria et al., 2010; Sahel et al., 2015) . While deletion of the NR1 NMDA receptor subunit in oligodendrocytes in the EAE model of MS had no effect on either the severity or progression of the disease , NMDA signaling may still play an important role in myelin regeneration. Blocking NMDA signaling with the antagonist MK-801 was found to delay the onset of remyelination, as well as reduce myelin thickness after recovery in a cuprizone model of demyelination, supporting the concept that remyelination may, in part, be mediated through glutamatergic signaling .
The role of neuronal activity-dependent influences on myelin-forming cells within demyelinated lesions may in part be complicated by compensatory mechanisms mediating remyelination. As previously discussed, in addition to neuregulin, Lundgaard et al. proposed that brain derived neurotrophic factor (BDNF) may also contribute to the switch between activity-independent and activity-dependent myelination (Lundgaard et al., 2013) . BDNF, a protein robustly regulated by activity, was first identified in culture to promote activity-dependent survival of cortical neurons (Ghosh et al., 1994) . BDNF is also a critical regulator of developmental myelination via signaling through its membrane receptor TrkB (Xiao et al., 2010) . BDNF promotes oligodendrocyte maturation in vitro (Du et al., 2006; Van't Veer et al., 2009; Lundgaard et al., 2013; Miyamoto et al., 2015) and in vivo (Cellerino and Kohler, 1997; Vondran et al., 2010; Xiao et al., 2010; Fulmer et al., 2014) , as well as promotes developmental myelination in vivo (Wong et al., 2013) .
Given the importance of BDNF in normal myelination, BDNF-TrkB signaling has emerged as a promising mechanism to improve remyelination after injury. In cuprizone models of demyelination, BDNF protein expression is reduced in lesions. BDNF 1/2 mice exhibit impaired remyelination, with reduced myelin protein expression and increased OPC density that may reflect impaired differentiation (VonDran et al., 2011; Tsiperson et al., 2015) . Interestingly, administering genetically engineered stem cells that overproduce BDNF before inducing the EAE model of MS in mice delayed the onset of the disease, as well as decreased demyelination, resulting in a less severe clinical phenotype (Makar et al., 2009) . Similarly, administering the MS drug glatiramer acetate to EAE mice resulted in increased levels of BDNF throughout the brain; this increase was correlated with a decrease in the severity of symptoms (Aharoni et al., 2005) . Triggering astrocytic release of BDNF via activating metabotropic glutamate receptors increases myelin proteins in the corpus callosum (Fulmer et al., 2014) . These data indicate that BDNF may be harnessed from multiple cell types to enhance remyelination. Studies in humans indicate that BDNF levels are decreased in the blood of MS patients, and that increases in serum BDNF concentrations occur in patients following recovery from the relapsing phase of relapsing-remitting MS (Azoulay et al., 2005; Frota et al., 2009 ). This supports the idea that BDNF may be important in aiding recovery in patients following relapses, possibly through activity-dependent mechanisms, and that activating this signaling system in patients may be a promising therapeutic target to promote recovery in demyelinating diseases.
EPILEPSY
Not all neuronal activity is equal in its influence on myelin-forming cells. Low frequency (0.1 Hz) electrical stimulation of mouse dorsal root ganglia in vitro inhibits normal myelination by the peripheral nervous system myelin forming cells, Schwann cells, while higher frequencies (1 Hz) do not (Stevens et al., 1998) . In the CNS, acute optogenetically induced motor seizures do not result in an increase in OPC proliferation, while optogenetically induced neuronal activity in the premotor circuit that results in complex motor output rather than seizures does increase OPC proliferation (Gibson et al., 2014) . These data suggest that the frequency or pattern of firing, or perhaps the functional outcome of neuronal activity, may influence neuron-OPC interactions and the response of oligodendroglial cells through mechanisms that are yet to be determined. Does chronic aberrant neuronal activity, such as that seen in epilepsy, influence the behavior of myelin forming cells? MRI/DTI analyses in patients with various forms of epilepsy suggest white matter abnormalities. The most common type of epilepsy in adults, as well as one of the most extensively studied, is temporal lobe epilepsy (TLE). DTI in patients with TLE demonstrates decreased FA and/or mean diffusivity (MD) predominately on the side ipsilateral to the seizures, specifically within the hippocampus and temporal lobe (Gross et al., 2006; Riley et al., 2010; Widjaja et al., 2011; Rodriguez-Cruces and Concha, 2015) ; in more severe cases of temporal lobe epilepsy (i.e., mesial temporal sclerosis), DTI changes are noted in contralateral white matter tracts as well, suggesting large circuits may be affected (Liu et al., 2012b) . A case study involving an adult patient who experienced chronic epilepsia partialis continua starting as a juvenile exhibited cortical dysplasia and subcortical dysmyelination on neuroimaging (Misawa et al., 2004) , although it is hard to know if the dysmyelination is the result of maldevelopment or ongoing aberrant activity. Such white matter abnormalities correlate with cognitive dysfunction in working memory and language (Hermann et al., 2007; McDonald et al., 2008; Riley et al., 2010) . Histological assessment of mature oligodendrocytes in the brains of adult patients with TLE and pediatric patients with intractable epilepsy indicates an increase in oligodendrogenesis in white matter regions associated with aberrant neuronal activity (Stefanits et al., 2012; Sakuma et al., 2014) . In rodent models of chemically induced epileptogenesis, histological analyses show a decrement in myelin proteins and oligodendrocytes concomitant with a transient increase in OPC density, depending on the phase of epileptogenesis (Luo et al., 2015) . The exact underlying cause of these oligodendroglial aberrancies remains unknown, and could be caused by axonal damage or loss due to seizure activity. An intriguing alternative hypothesis posits that changes in white matter integrity are a result of more subtle changes in myelin microstructure due to persistent hyperactivity of the neural circuit.
A second common form of epilepsy is childhood absence epilepsy (CAE), an idiopathic epilepsy characterized by spike wave discharges at 3-4 Hz frequency, and associated with a broad range of cognitive and behavioral deficits (Caplan et al., 2008) . In patients with CAE, white matter abnormalities, including regions with both increases and decreases in FA values, are seen throughout the basal ganglia-thalamocortical circuit (Yang et al., 2012) , as well as decreased white matter volume in the basal forebrain (Chan et al., 2006) and decreased FA in the genu of the corpus callosum (Liang et al., 2016) . These data suggest that overt alterations to circuit function at the level of white matter content may contribute to circuit dysregulation. It is important to note that increases in myelin content in some areas of a circuit may be just as maladaptive as decreases given the necessity for proper myelin structure and resultant conduction velocities tuned to the dynamics of that circuit. However, similar to studies involving patients with TLE, discerning neuroimaging changes in white matter volume due to dysmyelination or loss of neurons due to excitotoxic seizure activity is complicated. Monogenic rodent models of absence epilepsy, such as the tottering and stargazing mice, which exhibit specific mutations in voltage-gated calcium channels, show little to no change in white matter tracts, however, few studies have investigated white matter microstructure specifically (Isaacs and Abbott, 1992; Zhang et al., 2004) . Moreover, absence epilepsy is rarely driven by a single mutation, and multigenic models of rat epilepsy have been shown to recapitulate some of the observed DTI anomalies. A study using Wistar albino Glaxo rats of Rijswijk (WAG/Rij), a multigenic rat model of absence epilepsy, showed that after the onset of seizures, these rats exhibit a localized decrease in FA in the corpus callosum. This was associated with an increase in perpendicular diffusivity, suggesting a reduction in myelin integrity in white matter pathways (Chahboune et al., 2009) . Inducing seizures in rodents with pentylenetetrazol (PTZ), a GABA receptor antagonist, results in decreased myelin basic protein (MBP) expression but no changes in OPC density in the hippocampus and cortex; however, white matter tracts were not assessed in that study (You et al., 2011) . Myelinated fiber volume, myelin sheath thickness, and MBP expression in the hippocampus are reduced in a rat lithium-pilocarpine seizure model, with smaller diameter axons more susceptible to injury (Ye et al., 2013) .
While these data suggest that epileptic activity may decrease myelin content, a case study involving early postnatal epilepsy due to hemimegalencephaly describes a contradictory finding; researchers found an acceleration in developmental myelination in the hemimegalencephalic, seizing cerebral hemisphere, but not the anatomically and electrophysiologically normal contralateral hemisphere (Goldsberry et al., 2011) . The various correlations between seizures and either increased or decreased myelination indicate that numerous variables could influence the effects of epileptic neuronal activity on myelinforming cells, including developmental stage, location of epileptic foci, neuronal firing pattern, and the frequency and duration of aberrant seizure activity. While intriguing associations between recurrent seizure activity, DTI abnormalities and limited histological information exist, the relationship between seizure activity and its effect on myelin structure and plasticity remains incompletely characterized.
CONCLUSIONS
It is becoming increasingly clear that myelin development and remodeling throughout adulthood is a continually adaptive and dynamic process, modulated by neuronal activity and critical for normal brain function. The molecular mechanism(s) contributing to neuronal activity-induced myelination remain incompletely understood and could include neurotransmitter or neurotrophic factor-mediated processes. Though co-culture systems, integrating oligodendrocytes and neurons in vitro, have greatly increased our level of understanding of neuronal-glial communication, more work in vivo is necessary to elucidate how this complex array of activityregulated signaling molecules converge to regulate myelin-forming cells. This level of understanding would shed light on possible contribution of dysregulated or dysfunctional myelin plasticity in disease. There are many important questions still unanswered. Given the plasticity evident in the healthy brain, why do demyelinated lesions lose the ability to remyelinate in MS? Can these mechanisms be harnessed to improve neurological recovery after injury? How can we mitigate the putatively aberrant myelination seen in diseases such as epilepsy, schizophrenia, and bipolar disorder? How do cancers like high-grade gliomas hijack mechanisms of myelin plasticity to promote glioma growth and potentially gliomagenesis, and can neuron-glioma interactions be disrupted or redirected? As technologies for interrogating cell-cell communication and mapping neural circuits advance, these questions and more will come to light.
